SUMMARY Left ventricular function was assessed in 14 patients with chronic aortic regurgitation by afterload elevation with angiotensin. Seven of 14 patients maintained their resting ejection fraction with angiotensin (group A), while the remaining seven experienced a decline of greater than 0.10 in ejection fraction (group B). Six of seven group A patients showed an appropriate rise in left ventricular stroke work index in response to the angiotensin-induced rise in left ventricular end-diastolic pressure. In contrast, six of seven group B patients showed abnormal, flat, or declining stroke work indices. Included in the seven group B patients were two patients with left ventricular dysfunction secondary to coronary found that the triad of marked radiographic evidence of LV enlargement, electrocardiographic diagnosis of ventricular hypertrophy, and wide pulse pressure identified patients at high risk for the development of congestive heart failure, angina, or death.' However, these data are of limited assistance in assessing indications for aortic valve replacement in asymptomatic or mildly symptomatic patients who exhibit some of the features of this triad.
The severity of aortic regurgitation as measured by large regurgitant fractions2 and markedly elevated end-diastolic volumes2 3 correlates with the severity of clinical symptoms, but has not been correlated with quantitative measures of myocardial dysfunction. Left ventricular end-diastolic pressure has not been found to be a good index of LV dysfunction in that it correlates poorly with end-diastolic volume and ejection fraction in patients with aortic regurgitation,3 and may be normal in patients with advanced disease. Depression of forward cardiac output in patients with group A. These five stress-induced dysfunction patients were distinctive from patients who maintained their ejection fraction level in that the former all had regurgitant fractions of greater than 0.50, whereas all group A patients had regurgitant fractions of less than 0.50. Similarly, these five stress-induced dysfunction patients had significantly larger left ventricular end-diastolic volumes than did the group A patients. These data suggest that patients with pronounced aortic regurgitation measured in terms of regurgitant fraction greater than 0.50 and left ventricular end-diastolic volume of greater than 160 cm3/m2 exhibit impaired ventricular function if appropriately stressed. As most of the patients with stress-induced dysfunction had a normal ejection fraction at rest, it may be that stressinduced dysfunction represents a stage before overt resting dysfunction and cardiac failure.
severe regurgitation reflects very advanced disease with severe regurgitation and overt congestive heart failure. Left ventricular stroke work index (SWILv) was calculated using the formula: SWILV = (LV stroke index) X (mean LV systolic pressure during ejection) X (0.0136).
After resting hemodynamics and LV angiography were performed, LV pressure was monitored until returning to baseline levels. Angiotensin was then infused through a peripheral vein, beginning at a rate of 0.4 ,ug/min and increasing 0.4 ,ug/min every three minutes until LV systolic pressure was raised by 20-50 mm Hg. Doses of angiotensin required were 0.4-2.0,g/min. Hemodynamics were then allowed to stabilize for ten minutes, at which time LV pressure was recorded. In nine of the 14 patients, simultaneous aortic pressure was also measured, and in six, forward cardiac output was determined during angiotensin infusion (table 2). While angiotensin infusion was maintained, the LV angiogram was repeated and quantitative volumetric data, ejection fraction, and SWILV were calculated for angiotensin ( creased in four patients, was unchanged in one, and fell in one, due to a decrease in total LV cardiac output (table 2) . Seven of the 14 patients experienced little change in ejection fraction with angiotensin (three had virtually no change, three had decreases of less than 0.10, and one increased ejection fraction by 0.10). The remaining seven patients experienced declines in ejection fraction of more than 0.10 with afterload elevation. The average of the ejection fraction drop in these seven patients was 0.19, with a range of 0.13 to 0.28 ( fig. 1 ). This differential response to angiotensin was used to divide patients arbitrarily into two groups: those seven patients who maintained their ejection fraction with angiotensin were termed group A and the seven patients who experienced a greater than 0.10 decline in ejection fraction were designated group B.
Striking differences in the response of SWILV to stress were found between these two groups ( fig. 2) . Six of seven group A patients showed a rise in SWILV in response to angiotensin-induced elevation of LV end-diastolic pressures. In contrast, six of seven group B patients manifested flat or declining SWILV. There were no substantial differences in the angiotensin-induced rises in LV systolic pressures or end-diastolic pressures between the patients of groups A and B ( fig. 3 ). This response of SWILV to angiotensin largely reflected a significant fall in stroke volume in group B patients (157 to 115 ml, P < 0.01) compared to no change in group A patients (146 to 152 ml, not significant NS) (fig. 4) .
Patients in both A and B groups increased their enddiastolic volumes with angiotensin, although the magnitude of the changes was relatively small. For all patients, LV enddiastolic volume increased 7.7% (271 to 292 ml, P < 0.05). Left ventricular cardiac index tended to rise in group A patients with angiotensin (5.6 to 6.3 L/min/m2) and fall slightly with group B patients (6.6 to 5.9 L/min/m2) despite similar resting values. The difference in these changes between groups A and B was significant (P < 0.05). Heart rate was virtually unchanged in group A patients given angiotensin (79 to 81 beats/min, NS) but rose slightly in group B patients (72-86 beats/min, P < 0.01).
Two of the group B patients (patients 13 ically, one study found that preservation of exercise capacity was associated with higher LV end-diastolic pressures than in subjects with abnormal exercise capacity.8 Left ventricular end-diastolic pressure in patients with chronic aortic regurgitation is related not only to myocardial function, but also to the amount of aortic regurgitation per beat, heart rate, afterload, and ventricular compliance, and thus, cannot be used alone as a reliable index of LV function. 9 Resting ejection fraction is well maintained despite increasingly severe degrees of aortic regurgitation and symptomatic deterioration.3 Tyrell et al.,2 in 27 patients with aortic regurgitation, found no clear association between ejection fraction and NYHA functional classification. In 38 patients with isolated aortic regurgitation, with a wide spectrum of severity (end-diastolic volumes from 100-400 cm3/m2), the over-all ejection fraction was normal.3 In aortic regurgitation ejection fraction was found to have no correlation with end-diastolic volume, an observation felt to emphasize the "physiologic" independence of the resting ejection fraction. 3 Forward cardiac index is quite variable in patients with aortic regurgitation and dependent upon the interaction of left ventricular output, regurgitation, heart rate, and myocardial function. Subnormal resting forward cardiac index is generally seen only with severe disease and advanced symptoms.4'
The response of cardiac output to exercise in patients with aortic regurgitation is also complex. In patients with significant aortic regurgitation left ventricular cardiac output does not increase with exercise, but regurgitant fraction falls markedly, thus allowing a significant rise in forward cardiac output.9'-" Lewis, Bristow, and Griswald8 found that those patients with aortic regurgitation who exhibited a blunted rise in forward cardiac output to exercise had an abnormal '4 Although the patterns of ventricular response to increased afterload were arbitrarily divided into two groups, it is recognized that a continuum of ventricular functional reserve exists. In one group (A) the ejection fraction remained relatively constant and LV stroke work index rose with higher LV end-diastolic pressures, while in the abnormal group (B), ejection fraction fell and LV stroke work index generally fell or remained flat, characteristics associated with the failing ventricle.'-Since systolic pressure was elevated to equal degrees in both groups, the fall of LV stroke work index in group B patients was largely the result of the rather dramatic decline in stroke volume. These findings of flat or declining SWILV in some patients with aortic regurgitation are quite similar to the behavior of patients with other types of cardiac lesions who had clear-cut left ventricular dysfunction following angiotensin. 19 It is recognized that the extent of the stress imposed upon the left ventricle may alter the response. Wall stress may be increased by both the elevation of aortic pressure and the increased end-diastolic volumes reflecting accentuated regurgitation. Although the increments in aortic pressure and end-diastolic volume were similar in both patient groups, no decrease in LV cardiac index occurred in group A patients, whereas in group B patients the LV cardiac index fell significantly. Similarly, Ross and Braunwald, in giving from 1.25 to 0.75 ,g/min of angiotensin, observed no consistent change in cardiac index in patients with normal LV function, but a modest fall in patients with LV dysfunction.'3 Nolan et al. ' 5 also found that doses of angiotensin sufficient to elevate mean arterial pressure up to 30%o in normal individuals yielded no change in cardiac index; however, still higher afterload elevations did diminish cardiac index. It is also conceivable that afterload elevation effected greater regurgitation in group B than in group A patients. Although angiotensin regurgitant fractions were available in only six of 14 patients, such a difference was not found. In fact, in one group B patient, regurgitant volume and fraction fell, due to a decrease in LV output.
Thus, evidence for LV dysfunction in some patients with aortic regurgitation is given by the conjunction of falling ejection fraction, distinctly abnormal ventricular function curve, and diminished stroke volume, when the ventricle is stressed by increased afterload. Two patients (13 and 14) had only trivial aortic regurgitation and exhibited features of an associated cardiomyopathy which, in both cases, was felt to be ischemic in origin. Their dysfunction was felt to be related to this condition rather than their modest aortic regurgitation. The other five patients exhibiting LV dysfunction had no evidence of coronary disease and had larger enddiastolic volumes and larger regurgitant fractions than did the more normal patients. No patient who maintained normal function with stress had a regurgitant fraction greater than 0.49, and no patient with stress-induced dysfunction without coronary disease had a regurgitant fraction of less than 0.53. All patients with stress-induced dysfunction without coronary disease had an end-diastolic volume index in excess of 160 cm3/m2. The resting forward cardiac index tended to be lower in these patients, but there was considerable overlap.
These data strongly suggest that patients free of coronary artery disease, with pronounced aortic regurgitation, measured in terms of regurgitant fractions greater than 50% and LV end-diastolic volumes greater than 160 cm3/m2, are likely to have impaired ventricular function if appropriately stressed. This dysfunction may occur at a time when resting LV end-diastolic pressure and ejection fraction are quite normal. We surmise that significant depression of the resting ejection fraction and resting forward cardiac index in patients with aortic regurgitation reflects a much more ad- vanced stage of ventricular impairment. Our data are consistent with the other reports suggesting that regurgitant fractions of greater than 60% are associated with more severe clinical symptoms. 2' 4 The fact that the end-diastolic volume also differed between patients with stress-induced dysfunction and patients with normal stress function undoubtedly reflects the differences in regurgitant fractions.
It is likely that left ventricular dysfunction which is provoked only by stress precedes development of rest abnormalities and represents an intermediate stage in the natural history of aortic regurgitation. The fact that there was substantial correlation between ventricular dysfunction and the severity of the aortic regurgitation suggests that clinical deterioration may depend primarily upon progressive increases in valvular regurgitation rather than upon an independently progressive "myocardial factor." It should be recognized that patients with concomitant aortic stenosis were excluded from this study in order to provide a homogeneous patient group. It is likely that for many patients, concomitant aortic stenosis introduces an additional factor which may strongly influence myocardial function. Only careful longitudinal studies with pre-and postoperative hemodynamics and angiography will fully answer the questions of reversibility of ventricular size and performance and the optimal time for aortic valve replacement. Our data do suggest that quantitatively severe regurgitation is consistently found in association with stress-provoked ventricular dysfunction.
